OBJECTIVE: This study aimed to assess the effects of soy consumption on glucose metabolism in patients with type 2 diabetes. METHODS: A systematic review was performed in accordance with the Preferred Reporting Items for Systematic Review (PRISMA) principles. Literature published between 1990 and 2019 was searched. Primary outcomes were the effect of soy on fasting plasma glucose (FPG), insulin, and HbA1c. The data were pooled using random effects models. Heterogeneity was assessed using Cochran's Q and I 2 statistics. Also, the Cochrane Collaboration's tool for assessing risk of bias was used, and sensitivity analysis and meta-regression were conducted. Publication bias was evaluated using Egger and Begg tests. RESULTS: Sixteen randomized clinical trials (RCTs) with a total of 471 participants were regarded as eligible and included in the study. Soy consumption had no significant effects on FPG, insulin, and HbA1c. After the "trim-and-fill" method was applied, soy revealed a significant effect size on FPG (adjusted Cohen's d: -0.18; p = 0.03). Also, subgroup analyses using studies with parallel design showed a significant improvement (moderate effect size) in FPG and insulin. Sensitivity analysis indicated the robustness of our findings. Among secondary outcomes, the results showed a significant effect of soy on HOMA-IR and total cholesterol levels. CONCLUSIONS: Although this systematic review and meta-analysis indicated no beneficial effects of soy consumption on FPG, insulin, and HbA1c in patients with type 2 diabetes, pooling of parallel studies showed different results from crossover studies. The quality of evidence revealed low levels of confidence for primary outcomes. Therefore, further research is recommended.
Introduction
he prevalence of diabetes is constantly increasing throughout the world. While the disease affected 180 million people in 1980, the number has risen to 422 million people with diabetes in 2014 [1] . Clinical trials have reported lifestyle modifications (e.g. dietary interventions) to be even more effective than pharmacological treatment (e.g. metformin) in decreasing the risk of complications of type 2 diabetes (T2D) [2] [3] [4] .
Yang et al. conducted a systematic review in 2011 to clarify the relationship between soy product intake and risk factors in patients with T2D [7] . After searching PubMed and Cochrane Library for relevant clinical trials published up to 2010, they included seven trials, six of which had a crossover design. The authors found the use of soy products had no significant effects on insulin, fasting plasma glucose (FPG), and glycated hemoglobin (HbA1c). However, the consumption of soy products significantly decreased serum triglycerides (TG), total cholesterol (TC), and low-density lipoprotein cholesterol (LDL), and increased highdensity lipoprotein cholesterol (HDL).
In a more recent meta-analysis, Zhang et al. searched several electronic databases (PubMed, EMBASE, and Cochrane) up to March 2015 [8] . Half of the 10 randomized clinical trials (RCTs) included in their study had a crossover design. The authors concluded that soy protein supplementation significantly decreased FPG and insulin. However, no significant differences were detected in HDL and TG levels with soy protein consumption. Since the authors included prediabetic and diabetic patients, pooling of the results might have weakened the conclusions drawn by this metaanalysis. This leads to an unpredictable bias in the estimate of treatment differences and exaggerates the apparent sample size. Such exaggeration leads to spuriously narrow confidence intervals and low p-values.
A greater number of studies on patients with diabetes may be available in other bibliographic databases, conference abstracts, and grey literature [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . A review of more recent studies is re-quired to enhance existing knowledge and clarify the observed inconsistencies regarding the impact of soy consumption on clinical indices in diabetic patients. Therefore, the present comprehensive meta-analysis was performed to evaluate the longterm effects of soy on clinical diabetes indices.
Methods
This is a systematic review and meta-analysis. The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines were followed for reporting this study [19] . The PRISMA checklist can be requested from the authors. The protocol of this systematic review and meta-analysis was also registered in the International Prospective Register of Systematic Reviews (Registration No: CRD42018089448).
Data sources and searches
The PICOS criteria were used to define the research question for this review as follows:
Population:
Patients with type 2 diabetes. Intervention: Soy, soy protein, isoflavones, soy products. Control:
Placebo. Outcome:
FPG, insulin, HbA1c. Study design: RCT. We adopted a five-stage strategy to retrieve relevant English language articles published from January 1, 1990 to April 1, 2019: Duplicate publications and studies lacking adequate data for calculating mean and standard deviation (SD) or standard error (SE) values were also excluded.
Data extraction and quality assessment
All researchers independently assessed the titles and abstracts of the selected papers and then evaluated the full texts of potentially eligible papers to confirm their eligibility. Any disagreement over the eligibility of particular studies was settled through consensus. Authors were contacted via email when relevant data could not be extracted or data were missing. Studies were excluded if authors did not respond to the e-mail.
The Cochrane Collaboration's tool for assessing risk of bias was used to evaluate the quality of the selected papers [20] . Four researchers independently evaluated the quality of each study and resolved any case of disagreement by consensus.
Data synthesis and statistical analysis
The main outcome measure for the metaanalysis was effect size (Cohen's d). The standardized mean difference (SMD) was computed. The SMD measure is a point estimate of the effect of a treatment. The magnitude of 0.2, 0.5, and 0.8 was considered as small, medium, and large effect size, respectively. We extracted data on SD differences from two trials [13, 14] to calculate the correlation coefficients. An r of 0.5 was finally used in the analysis of FPG, LDL, TG, and systolic and diastolic blood pressure. An r of 0.8 was used for other outcomes. A sensitivity analysis was performed by using different correlation coefficients (0.2, 0.5, and 0.8) to test the stability of the data results.
The overall effect size was estimated by entering the individual effect size for each study into a random effect model with DerSimonian and Laird weighting [21] . Statistical heterogeneity was assessed using Cochran's Q and I 2 test with random inverse-variance heterogeneity [22] . I 2 values >50% were considered as moderate heterogeneity. Subgroup analysis was performed based on study design (parallel and crossover), ethnicity (American, European, and Asian), gender distribution (≥50% men and <50% men), duration of diabetes (≤6 years and >6 years), intervention period (≤8 weeks and >8 weeks), treatment dose (≤20 and >20 g soy protein per day, ≤80 and >80 mg isoflavones per day), and risk of bias (low risk and unclear compared to high risk). The median of each classification was used as the basis of categorizing duration of diabetes, intervention period, and treatment dose for the subgroup analysis.
The method proposed by Altman and Bland was adopted for the analysis of interactions between subgroups [23] . To find sources of heterogeneity in the effect sizes, meta-regression analyses were performed by considering the participants' age, BMI, duration of diabetes, intervention period, and treatment dose.
The "leave-one-out" method was used for sensitivity analysis and determination of the effects of each particular study on the pooled results, measurement of the reliability of the meta-analysis results, and assessment of the robustness of the findings regarding the primary endpoint. In cases of moderate or high heterogeneity (I 2 ≥ 50%), the "hetred" command in Stata was used to evaluate the change in between-study heterogeneity when one or more outlier studies were excluded from the calculations [24] .
Funnel plots were created for the graphical assessment of the presence and extent of publication bias. Statistical analysis of the publication bias was conducted using Egger's weighted regression and Begg's rank correlation tests. In the case of statistical evidence of funnel plot asymmetry, the "trim-and-fill" method was applied [25] . Analyses were performed using Stata/MP v.13.0 software (Stata Corporation, College Station, Texas) and RevMan version 5.3 software. All tests were twotailed and p-values less than 0.05 were considered significant.
Evidence quality
The Grading of Recommendations Assessment, Development, and Evaluation (GRADE) system was used to evaluate the quality of the evidence for each primary outcome across all selected studies. Two reviewers (RS and MMJ) independently evaluated the level of confidence in estimates of effect for each outcome based on the GRADE criteria.
Results

Study characteristics
A total of 16 studies [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [26] [27] [28] [29] [30] [31] [32] [33] [34] , including six parallel and 10 crossover RCTs, was identified for inclusion in the study ( Table 1 ). The results of three RCTs were published in several articles [15, 16, 26, 27, 32, 33] . Also, Konya described more than two intervention groups in her RCT [14] . The study selection process is depicted in Figure 1 . Among the selected studies, six trials were conducted in Asia, six in Europe, and three in North America. Only one trial was multi-centric.
In total, data from 471 participants, including 315 females (68.9%), were pooled and evaluated. In most studies, females slightly outnumber males. Four studies noted that enrolled women were postmenopausal [11, 13, 15, 35] . In total, about 43% of women were in the postmenopausal period. The mean age of the patients in the selected studies ranged between 45.7 and 76.2 years. All studies enrolled overweight or obese participants with diabetes (BMI range: 24.8-34.9 kg/m 2 ). Six studies involved patients with diabetic complications (such as nephropathy, retinopathy, or hypertension) [12, 15, 26, 27, 30, 34] . One study included 25 patients with diabetes on tube feeding [18] .
The included trials used different types and/or doses of soy products ( Table 1 ). In nine out of 16 included studies, both isolated soy protein and isoflavones were used [12, 14, 17, 18, 26, 27, [29] [30] [31] . Also, the amount of soy protein or isoflavone levels varied from 0.8 to 50 g and from 32 to 165 mg, respectively. The duration of intervention periods ranged from four weeks [9, 10, 15 ] to four years [27] . In the crossover studies, the range of washout period was 0-4 weeks. Different methods, from subjective assessment to the measurement of isoflavone and its metabolites [3, 11, 34] or phytoestrogen [27, 35] , were applied to determine adherence to treatment.
Risk of bias
Among the 16 selected RCTs, only one had low and two had an unclear risk of bias. The risk of bias was high in the remaining articles. Except for four studies, all the other studies had a low or unclear risk of bias in the sequence of generation domain. Only two studies had a high risk of bias in the allocation concealment domain. Furthermore, seven RCTs reported incomplete outcome data.
Primary outcomes
According to the data from 14 RCTs, soy consumption had no significant effect on FPG levels (Cohen's d: -0.14; 95% CI: -0.29 to 0.02; p = 0.09; I 2 = 0.0%). Three parallel and eight crossover RCTs evaluated the impact of soy on insulin. The pooling of these studies revealed no significant differences between the intervention and control groups (Cohen's d: -0.11; 95% CI: -0.32 to 0.11; p = 0.34; I 2 = 39.2%). Five parallel and eight crossover RCTs reported the relation between soy consumption and HbA1c. Data pooled from these studies showed no significant differences in HbA1c levels between the intervention and placebo groups (Cohen's d: -0.22; 95% CI: -0.54 to 0.10; p = 0.18; I 2 = 71.8%). Figure 2 shows forest plots for the impact of soy consumption on primary outcomes. Sensitivity analysis using the "leave-one-out" method indicated the robustness of the effect sizes of the primary outcomes.
Although the results of Egger's linear regression test and Begg's rank correlation test did not suggest the presence of a publication bias in the meta-analysis of FPG outcome, the funnel plot of SE by effect size was slightly asymmetric. Using the "trim-and-fill" method and imputation of one potentially missing study on the left side of the plot, an adjusted effect size (Cohen's d) of -0.18 was obtained (95% CI: -0.33 to -0.02; p = 0.03).
Using the hetred command in Stata to reduce the heterogeneity of meta-analysis, as measured by I 2 , showed that the exclusion of two studies (Miraghjani et al. [32] and Vaisman et al. [18] ) decreased the heterogeneity of the pooled estimate of HbA1c to 31.1%. However, their exclusion did not change the pooled effect of this primary outcome (Cohen's d: -0.03; 95% CI: -0.24-0.18; p = 0.75; I 2 = 31.1%). Sensitivity analysis for different correlation coefficient values (i.e. 0.20, 0.50, and 0.80) showed no statistically significant differences in the primary outcomes.
Evaluation of heterogeneity
The overall Cohen's d for HbA1c was -0.22 with significant heterogeneity between studies (p < 0.01; I 2 = 71.8%). Consequently, we used metaregression with Knapp-Hartung modification for our meta-analysis. No statistically significant source of heterogeneity was identified in a metaregression analysis of age, BMI, duration of diabetes, intervention period, and treatment dose (isolated soy protein or isoflavones) (p > 0.10 for each).
Secondary outcomes
Data from eight studies were pooled and the effects of soy and placebo consumption on HOMA-IR were compared. A significant reduction was observed in the SMD (Cohen's d: -0.25; 95% CI: -0.44 to -0.06; p < 0.01; I 2 = 0.0%). The data from the 14 studies showed a stronger TC reduction in subjects who consumed soy compared to those who received placebo (Cohen's d: -0.47; 95% CI: -0.72 to -0.21; p < 0.01; I 2 = 59.8%). Soy consumption appeared to be beneficial in decreasing LDL, TG, and systolic blood pressure, but had no significant effects on HDL or diastolic blood pressure. No evidence of publication bias was found for studies that examined soy consumption and secondary outcomes.
Sensitivity analysis and publication bias
Based on participant characteristics and study design, subgroup analysis was performed with seven items including participants' ethnicity, sex, duration of diabetes, dosage and duration of intervention, and quality of the study ( Table 2) . Fourteen studies reported the effect of soy consumption on FPG. Subgroup analysis was performed according to study design, including 5 parallel studies with 185 participants and 9 crossover studies with 185 participants. Cohen's d for FPG was -0.43 (95% CI -0.70, -0.17) in parallel studies and 0.02 (95% CI -0.17, 0.21) in crossover studies. Interaction analysis suggested that the study design had a significant interaction effect on FPG (p < 0.01). Compared to participants of crossover studies, subjects in parallel studies were older (61.8 ± 8.7 versus 56.0 ± 10.0 years, p < 0.001) and had longer diabetes duration (6.7 ± 0.7 versus 3.7 ± 0.4 years, p = 0.003).
The evaluation of subgroups regarding insulin yielded the following results: while parallel studies with 133 participants revealed statistical differences between intervention and control groups (Cohen's d: -0.37; 95% CI -0.68, -0.05), crossover studies with 177 participants did not. Studies with a low risk of bias (3 studies) also revealed significant differences (Cohen's d: -0.47; 95% CI -0.82, - 0.12). This result was different from the overall pooled analysis ( Table 2) .
According to interaction analysis, "country" had a significant interaction effect on HbA1c. We also conducted a meta-regression analysis of six covariates to determine sources of heterogeneity. None of the evaluated variables served as a confounding factor in the pooled estimate effect of FPG. However, the results showed that about one-fifth of the reduction in the heterogeneity of insulin outcome depended on the intervention period.
Quality assessment of evidence
Quality assessment based on the GRADE approach suggested low quality of evidence for primary outcomes. This finding was caused by the risk of bias and imprecision in each primary outcome. Inconsistency was also present in the case of HbA1c. A summary of the results of the quality assessment is provided in Table 3 .
Discussion
The most important finding of this metaanalysis was that soy consumption did not significantly improve FPG or insulin in patients with T2D compared with placebo. In contrast, soy consumption had a favorable effect on FPG or insulin in the pooled effect sizes of parallel studies.
The principal problem associated with the included crossover studies was the short washout period (0-4 weeks) which carried the risk of carry-over effects, i.e. the effects of an intervention given in one period persist into a subsequent period, thus interfering with the effects of the second intervention. Food and nutrition research experts recommend that the length of the washout period should be the same as the feeding period to allow measured outcomes to return to baseline values or become re-stabilized [36] .
Also, important differences existed in demographic characteristics between the two different types of trials. Crossover trials included younger participants with less duration of diabetes. It is therefore advisable to meta-analyze parallel and crossover trials in separate subgroups, irrespective of whether they are also combined [22] . Another important issue that should be noted is that after soy ingestion, bacterial β-glucosidases in the intestinal wall generate biologically active aglycones (genistein, daidzein, and glycitein). About 30%-50% of humans can metabolize daidzein into equol [37] . Although equol exhibited higher affinity to estrogen receptor α than any of the isoflavones originating from soy [38] , serum or urinary levels of equol were not measured in most RCTs administering soy isoflavones.
Similarly to FPG and insulin, HbA1c was not significantly affected by soy consumption. It is noteworthy that there was a large heterogeneity in this outcome. The included trials used different methods for HbA1c measurement. High performance liquid chromatography (HPLC) measures all types of hemoglobin and has been recommended as an acceptable standard. Turbidimetric immunoassays that use the HbA1c antibody have lower precision than HPLC [39] . On the other hand, two studies involved patients with diabetic nephropathy [15, 40] . In a study on patients with uremia and normal glucose tolerance, de Boer et al. found that HbA1c measured by ion exchange chromatography was significantly elevated irrespective of the degree of glucose intolerance [41] .
We observed a significant interaction effect between soy consumption and HbA1c, ethnicity (p < 0.001) and male percentage (p = 0.02). Only Curtis et al. measured urinary levels of equol in participants [11] . It is well known that western adults are capable of producing significantly lower equol levels than Asian adults (20%-30% vs. 50%-60%) [42] . A majority of studies were conducted in postmenopausal women and in men. Postmenopausal women have low amounts of estrogen and may benefit most from the consumption of isoflavones. In men, however, because of faster excretion rates, higher concentrations may be needed to exert the same biological effects [43] .
Although there was significant heterogeneity in the pooled estimate of HbA1, we could not identify a significant source in the meta-regression analysis. Since meta-regression is an observational link between trials, the relationships between effect size and covariates within trials may not be the same as such relationships across trials. This might be caused by confounding effects at either the trial level or the individual level (aggregation bias) [44] .
Assessment of secondary outcomes showed significant reductions in serum HOMA-IR, TG, LDL, TC, and systolic blood pressure following the consumption of soy products. These findings are in line with previous meta-analyses in diabetic populations [7, 8] . No significant associations were observed between either HDL or diastolic blood pressure and soy consumption.
Relation to previous literature
Yang et al. performed a meta-analysis of seven trials with 172 participants and reported the absence of significant relationships between soy consumption and changes in FPG, insulin, and HbA1c levels in patients with T2D [7] . A more recent meta-analysis of 10 trials with 290 participants indicated that soy consumption significantly reduced these parameters in patients with T2D or metabolic syndrome [8] . However, a problem with this meta-analysis was a unit-of-analysis error in the effects of soy consumption on clinical indices.
In our meta-analysis, 16 trials with 471 participants were included and subgroup analysis and meta-regression were applied to detect the sources of heterogeneity. The results demonstrated the stability of the pooled effect sizes. Our results are in agreement with the first systematic review and meta-analysis that showed no association between soy consumption and changes in FPG and insulin in the overall pooled data [7] . Similarly to our meta-analysis, most included studies in Yang's meta-analysis had a crossover design. When we conducted a subgroup analysis by study design, the effect of soy on FPG and insulin was significantly different from that of placebo in the parallel studies. Assessments based on GRADE criteria revealed low levels of confidence for each primary outcome. Therefore, these findings should be interpreted with caution. Further high-quality RCTs are required to clarify the impact of soy/isoflavones on improving clinical indices in T2D patients.
Limitations
This meta-analysis had several limitations which should be considered in the interpretation of the results. Six studies involved patients with diabetic complications. Differences in the methods of measurement, inclusion criteria (e.g. age range and health situation), and exclusion criteria (e.g. disease status and medication use) may have been responsible for the observed heterogeneity in HbA1c. Also, most of the included trials were judged to have a high risk of bias. This is largely due to selection bias and attrition bias. Serum or urinary levels of equol were not measured in most studies. Further robust RCTs are, therefore, warranted to validate the effects of soy on primary outcomes and to determine the impact of equol production and the optimal dose of soy/isoflavones.
Conclusions
In this study, multiple databases were searched to identify relevant studies. We identified studies from America, Europe, and Asia, which increased the generalizability of the results. A relatively large number of subjects provided sufficient evidence for the reliability of the results. Sensitivity analysis using the "leave-one-out" method showed the reliability of the results of the meta-analysis, and the robustness of the findings in terms of the primary endpoint. No evidence of publication bias of the studies was found using Egger's regression test.
Although this systematic review and metaanalysis indicated no beneficial effects of soy consumption on FPG, insulin, and HbA1c in patients with T2D, subgroup analyses using studies with parallel design showed a significant improvement (moderate effect size) in FPG and insulin. Considering the high heterogeneity in HbA1c and possible covariates such as age, equol production, and soy dosage between studies, more high-quality articles are required to reach a more reliable conclusion.
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